The effect of a magnetic field on atomic diffusion has been studied for nickel diffusion in titanium.
I. Introduction
Diffusion of atoms in metals is known to be affected by the presence of various kinds of fields. Electromigration is the mass transport under the electric field, and thermomigration is that under the temperature gradient. The gradient in hydrostatic stress is known to cause rearrangements of atoms in alloys, i.e. the Gorsky effect; the drift of hydrogen in a bent metal sheet is a well-known example. As to the effect of a magnetic field applied externally, Youdelis, Colton and Cahoon(1) reported the result on the copper diffusion in aluminum; they claimed that the magnetic field of three tesla suppressed the diffusivity, perpendicular to the direction of the field, by about 25%. In their experiment the penetration profile of copper was estimated from microhardness measurements. Youdelis and Cahoon(2) have also made a theoretical analysis of the problem, which apparently supports their experimental observations. Since then, to the authors' knowledge, no serious efforts have been devoted to clarify the effect of a magnetic field on diffusion either experimentally or theoretically.
In the present paper we report on tracer diffusion of nickel in titanium in a magnetic field. Nickel is known to be a "fast diffuser" in where C(x, t) is the tracer concentration at a depth x after a diffusion interval t, D the tracer diffusiviity and C0 the initial amount of a tracer at the surface. Figure 1 shows some diffusion-penetration profiles. All profiles are Gaussian, without serious holdup or noticeable non-Gaussian "tails" .The measured diffusivities with and without magnetic field are listed in Table 2 .
First, the diffusivities without magnetic field are compared with previous data, as shown in Fig. 2 . For the a(hcp) phase, the diffusivities parallel (D//) and perpendicular (Dl) to the caxis have been previously measured for single crystals in our laboratory.(4) The present value determined for a polycrystalline specimen is very close to Dl, which is a rather unexpected result. By X-ray diffractometry, the specimen was found to have such a texture that the c axes of most grains lie perpendicular to the direction of diffusion. In B(bcc) phase, the measured diffusivity is significantly larger than that by Peart and Tomlin(') and Gibbs et al. (7) It is not clear at present what is the source of the discrepancy.
Note that the purity of specimens used is considerably different between the present and their experiments, which may be partly responsible:
Carbon Iron (mass ppm) Present authors 30<10 Peart and Tomlin <1000 <2000 Gibbs et al. <1000 <2000. As seen in Table 2 , the effect of the magnetic field on the nickel diffusivity is, if any, very small both for a-Ti and B-Ti. The relative differences between the diffusivities parallel and perpendicular to the direction of the magnetic field are less than about 1%. On the other hand, the difference between diffusivities with and without a magnetic field amounts to some 5%. In view of the fact that such a pair of diffusivities were determined on specimens subjected to two independent diffusion anneals, however, the difference cannot be directly ascribed to the effect of the magnetic field. Youdelis and his coworkers(1)(2) have proposed a theory on the magnetic effects on diffusion in weakly paramagnetic or diamagnetic metal alloys. They assumed that mass transport in an alloy by chemical diffusion is an ambipolar diffusion process, i. e., the more rapidly diffusing electrons develop a space charge electric field which draws the ions. According to this theory, the magnetic field decreases the diffusivity by the factor 1/(1+w2ce/v2e), where wee and ve are the cyclotron and collision frequencies, respectively, of the diffusiontransported electrons. It is not very clear to the present authors whether the atomic diffusion in solid alloys can be treated as ambipolar diffusion. Even if we accept this basic line of the treatment, however, it is hard for us to accept their reasoning.
In their calculation, Youdelis et al. assumed that "the medium is infinite in extent, so that no charge accumulation against surface is possible". It seems difficult to justify such an assumption. As the authors themselves have admitted, "In finite samples, where bounding surfaces are present, the Hall currents must close to prevent charge accumulation with its resultant Hall potential" so that no effect on ion diffusion would be expected (see Appendix).
In conclusion we were unable to find the effect of a magnetic field for diffusion of Ni in Ti. The absence of the effect of magnetic field on solid-state diffusion seems rather consistent with the theoretical expectation. This contrasts with the experiment and the theory by Youdelis et al.
Appendix
In a magnetic field H, electron motion is subject to the Lorentz force so that the electron current (8) is given by (1) electrons, respectively, E is the electric field and D0e is the diffusivity of electrons. The last term on the right hand side is derived from the Lorentz force with me being the effective mass of an electron. Equation (1) may be rewritten by using the conductivity and diffusivity tensors as where and (4) direction of the magnetic field is taken to be parallel to the z axis. As seen in eqs. (2)-(4), the electron motion is not isotropic in the field, and is expressed by using the conductivity and ionic current is given by (5) and where the subscripts (i) indicate the quantities of ions. Generally, the ionic mass is much larger than that of an electron so that the Lorentz force acting on ions can be neglected. We assume that the self-diffusion of host metal ions can also be neglected.
Since ions have positive charge, the ionic current is coupled with electron motion through the total current,
where l denotes the unit matrix. By eliminating E from eqs. (5) and (7), we obtain (8) and (9) The tensor Da expresses the ionic diffusivity in a magnetic field. Inserting eqs. (3) and (4) into eq. (9), we find (10) where (11) and (12) The diffusion in the z direction is independent of the field and is written as (13) On the other hand, the diffusion in the direction perpendicular to the field may depend on H:the xx component of Da is written as (14) which indicates the ionic diffusion in the x direction due to the gradient of the ionic density in this direction. The off-diagonal component (Da)xy indicates the ionic diffusion in the x direction when the gradient exists in they direction, and (bo)xy is expressed as (15)
In the metals which we have studied, however, the conditions and will be fulfilled. Then, we obtain that (Da)xx is also independent of the field; (16) In addition, only the gradient of the ionic density in a direction exists in our experiment, so that the observed diffusivities correspond to (Da)xx and (Da)zz. Therefore, our theoretical conclusion that neither (Da)xx nor (Da)zz is affected by the field is consistent with our experimental results.
